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Abstract- A  dual-beans  interferometric  synthetic  aperture  ra¬ 
dar  yields  two  velocity  components  of  the  ocean  current  remotely 
from  a  single  flight  pass.  Combining  two  flight  passes,  all  three 
orthogonal  components  of  the  surface  velocity  can  be  retrieved. 
An  experiment  was  conducted  near  the  Gulf  Stream  (GS)  bound¬ 
ary,  A  sharp  change  of  the  surface  velocity  of  about  I  m/s  over  a 
500  m  distance  was  measured.  The  wave  condition  is  dominated 
by  a  1 4-s  swell  system  and  low  wind  velocity.  The  wave  variance 
inside  GS  is  about  twice  of  the  wave  variance  outside  the  GS  in 
the  present  data  set.  The  targe  difference  in  the  wave  variance  is 
considerably  higher  than  that  can  be  expected  from  hydrody¬ 
namic  modulation.  An  ocean  current  system  with  strong  current 
shears  such  as  the  Gulf  Stream  is  a  wave  guide  and  can  trap 
waves  with  the  right  combinations  of  wavelengths  and  propaga¬ 
tion  directions.  Numerical  calculations  indicate  that  the  wave 
properties  of  the  data  set  may  satisfy  the  conditions  for  wave 
trapping  by  the  Gulf  Stream. 

Keywords-  Surface  waves.  Gulf  Stream,  InSAR,  Have  guide. 
Wave  modulation 

I.  Introduction 

An  along-track  interferometric  synthetic  aperture  radar  (In- 
SAR)  can  measure  the  near- surface  ocean  currents  remotely  by 
detecting  the  phase  difference  of  the  radar  returns  from  the 
same  ocean  surface  roughness  using  two  receiving  antennas 
mounted  on  an  aircraft  or  satellite  [1-3].  The  phase  difference 
between  the  received  signals  from  the  two  antennas  is  produced 
by  the  Doppler  frequency  shift  caused  by  the  ocean  current 
advecting  the  surface  waves  that  scatter  the  radar  signals  back 
to  the  receivers.  To  the  first  order  of  approximation,  the  phase 
shift  is  proportional  linearly  to  the  velocity  component  pro¬ 
jected  in  the  range  direction.  With  proper  design,  the  InSAR 
can  yield  sufficient  spatial  resolution  for  surface  wave  meas¬ 
urements  [4-7].  The  relationship  between  surface  waves  and 
the  InSAR  velocity  product  is  much  more  straightforward  than 
the  modulation  transfer  function  associating  the  surface  waves 
and  the  SAR  signal  amplitude  [8-9],  Because  distortion  of  the 
waveform  through  the  velocity  bunching  mechanism  remains 
in  the  InSAR  measurements,  reliable  retrieval  of  the  wave  in¬ 
formation  from  InSAR  is  still  limited  by  the  nonlinearity  of  the 
wave  field. 

In  the  side-looking  InSAR,  only  one  radial  velocity  in  the 
radar  range  direction  can  be  measured.  To  obtain  the  vector 
field  of  the  ocean  current,  multiple  passes  through  the  same 
ocean  surface  area  have  to  be  conducted.  The  concept  of  deriv¬ 
ing  two  velocity  components  from  the  InSAR  return  by  split¬ 
ting  the  radar  beams  was  described  in  [10].  A  design  employs 
two  pairs  of  antennas  placed  with  two  different  squint  angles. 


one  pair  looking  fore  and  one  pair  aft,  and  each  pair  serves  as 
an  InSAR  system  [II],  The  images  from  the  two  pairs  (fore 
and  aft)  are  then  geo-collocated  to  yield  the  velocity  vector  of 
the  ocean  surface  in  a  single  flight  pass.  The  description  of  the 
system,  called  a  dual-beam  interferometer  (DBI),  has  been 
given  in  [12]  and  [13],  the  latter  paper  also  reported  an  applica¬ 
tion  of  the  DBI  to  map  out  the  velocity  field  around  two  tidal 
inlets  in  the  barrier  islands  west  of  Fort  Myers,  Florida.  The 
retrieved  current  field  follows  the  outflow  pattern  expected 
from  the  geometry  of  the  barrier  islands  and  the  inlets.  Com¬ 
parisons  with  the  tidal  current  magnitudes  predicted  by  the  U. 
S.  National  Ocean  Service  reveal  discrepancies  of  up  to  0.5 
m/s.  Their  analyses  suggest  that  an  important  factor  contribut¬ 
ing  to  the  discrepancies  is  the  effect  of  ocean  surface  waves  to 
the  overall  InSAR  velocity  measurement. 

Because  surface  waves  affect  the  accuracy  of  the  surface 
current  derivation  from  InSAR,  and  that  wave  information  is 
contained  in  the  InSAR  data,  in  this  paper,  we  investigate  the 
computation  of  surface  wave  spectrum  using  the  DBI  meas¬ 
urements,  In  the  process,  it  is  found  that  for  this  data  set  of 
swell-dominated  wave  field,  the  difference  of  the  variance  in¬ 
side  and  outside  the  Gulf  Stream  (GS)  is  much  larger  than  that 
can  be  explained  by  current  modulation  of  surface  waves.  Fur¬ 
ther  analysis  suggests  that  a  more  likely  explanation  of  the  ob¬ 
served  large  wave  variance  inside  the  GS  is  due  to  wave  trap¬ 
ping,  That  is,  the  wave  properties  of  the  acquired  data  set  sat¬ 
isfy  the  conditions  for  the  GS  to  serve  as  a  wave  guide. 

IK  DBI  Measurements  Near  Gulf  Stream  Boundary 

In  March  2004,  an  experiment  was  conducted  to  test  the 
DBI  system.  The  general  location  of  the  experiment  is  offshore 
of  Cape  Canaveral,  Florida,  Two  NDBC  buoys  (41009  -  15  km 
from  DBI  site;  and  41010  -  145  km  from  DBI  site)  are  nearby 
and  provide  the  pertinent  environmental  information  including 
wind  velocity,  air  and  water  temperature,  and  wave  properties. 
The  surface  area  of  the  DBI  coverage  is  about  2.8  km  x  10  km. 
A  couple  of  high-wind  events  passed  through  the  area  in  the 
week  before  data  acquisition.  The  event  on  10  to  1 1  March  had 
sustained  wind  speeds  between  10  and  12  m/s  and  lasted  for 
about  16  hours.  The  weather  system  continued  moving  east¬ 
ward  and  at  the  time  of  DBI  experiment  more  than  one  day 
later,  the  significant  wave  height  at  the  offshore  buoy  site 
(41010,  water  depth  873  m)  is  almost  5  m  although  the  wind 
speed  dropped  to  below  5  m/s  in  both  buoy  locations.  The  sig¬ 
nificant  wave  height  in  the  nearshore  site  (41009)  is  about  one- 
half  of  the  offshore  magnitude.  The  peak  wave  periods  reported 
by  the  two  buoys  are  1 4.29  s  (41010)  and  1 3.79  s  (4 1 009,  water 
depth  4 1.5  m)  at  the  time  of  DBI  measurements. 
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A  detailed  analysis  of  the  DBI  design  is  given  in  [11],  The 
DB1  system  configurations  used  in  the  present  experiment  have 
been  reported  elsewhere  [12-13].  Briefly,  the  DBI  operates  at 
C-band  (5.3  GHz)  and  vertical  polarization.  It  emits  a  6.25-jis- 
long  chirp  signal  with  a  25-MHz  bandwidth  that  provides  a  6- 
m  range  resolution.  The  squint  angles  of  the  fore-  and  aft- 
looking  antenna  pairs  are  nominally  +20°  and  -2G°,  respee- 
lively.  The  physical  baseline  in  each  pair  is  L23  m,  only  the 
fore-looking  antenna  in  each  pair  transmits.  The  antennas  point 
at  a  70°  incident  angle  in  their  squinted  planes.  The  antenna 
patterns  are  broad  in  elevation  (31°)  and  narrow  in  azimuth 
(7°).  The  aircraft  speed  is  100  m/s  and  the  altitude  600  m,  The 
range  of  incident  angles  is  between  50 3°  and  80.6°, 

111.  Data  Processing 

The  radial  velocity  components,  U\  and  w?,  in  the  two  squint 
directions  are  related  to  the  phases,  4>,  and  by  [Frasier  and 
Camps,  200 1 ;  Toporkov  et  ai ,  2005] 


Combining  two  flight  passes,  the  assumption  of  for  the 
above  solution  can  be  discarded,  and  all  three  orthogonal  com¬ 
ponents  of  the  surface  velocity  can  be  derived  from  the  radial 
velocity  measurements. 
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where  Aj^sin^cosoj  -  cosftj  sin6jjsin«j,  Aj2=sin£?,jsinOi  - 
cos6,3  sin^jCosQ',,  and  b»=  cosftj  sin6}3.  The  above  solution  is 
based  on  combining  two  passes  using  the  first  as  reference: 
with  both  beams  from  the  first  pass  (incident  angle  6!:“#;)  and 
one  beam  from  the  second  pass  (flight  direction  a3,  incident 
angle  0,,).  Equation  (3)  can  be  written  as  u  =  B  v.  The  solutions 
of  the  three  surface  velocity  components  are 
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where  A  is  the  radar  wavelength,  Vp  the  platform  speed,  and  Be 
the  effective  baseline,  which  is  one-half  of  the  physical  along- 
track  antenna  separation  because  only  one  antenna  in  each  pair 
is  transmitting.  With  die  present  configurations,  for  the  full 
range  of  the  phase  (±rc),  the  magnitude  of  current  without 
wraparound  ambiguity  is  ±2,30  m/s.  The  raw  processed  phase 
data  contain  an  arbitrary  offset,  which  can  be  removed  if  there 
are  fixed  objects  in  the  images  for  reference.  This  is  not  the 
case  in  the  present  situation.  The  aircraft  made  repeated  passes 
over  the  region,  the  time  interval  between  two  consecutive 
passes  is  about  600  s.  Feature  tracking  is  applied  to  estimate  the 
velocities  of  several  slick-like  features  in  the  radar  scatter  am¬ 
plitude  maps  in  consecutive  passes.  The  features  in  the  inshore 
side  of  the  GS  usually  maintain  their  coherent  characteristics 
during  the  two  passes  and  are  easy  to  identify.  Features  inside 
the  GS  are  distorted  beyond  recognition  in  two  consecutive 
passes,  therefore,  velocity  estimates  from  feature  tracking  are 
only  available  for  the  inshore  side  of  the  GS  front.  The  average 
velocity  amplitude  and  direction  of  five  identifiable  features  is 
0.82  m/s  and  103°  (referenced  to  east).  This  average  velocity  is 
used  in  data  processing  to  determine  the  offset  of  the  measured 
radar  phase. 

Following  the  notations  and  geometry  defined  in  Fig.  I  of 
[  13]  and  assuming  that  the  current  is  confined  to  the  horizontal 
plane,  the  surface  velocity  components  can  be  calculated  from 
the  radial  components 
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where  DB  is  the  determinant  of  matrix  B,  and  Z)B/  the  determi¬ 
nant  of  the  matrix  formed  by  replacing  the  /-th  column  of  B 
with  vector  «.  Further  detail  is  given  in  [15].  For  the  wave 
spectral  analysis,  the  surface  velocity  from  3D  solution  is  used. 
Fig.  1  shows  the  maps  of  v„  yv  and  v r  measured  by  the  DBF 
The  flow  of  the  GS  in  this  region  is  primarily  northbound. 
From  in  situ  current  measurements,  the  daily  average  of  the 
northbound  velocity  at  the  core  of  the  GS  is  about  l  .9  m/s,  es¬ 
timated  from  the  contour  map  in  Fig,  13b  of  [14].  The  mean 
velocity  of  vy  displayed  in  Fig.  I  (middle  panel)  represents  an 
instantaneous  snapshot  of  the  surface  current  over  a  sizable 
region  (the  length  of  overlap  data  is  about  78  s,  the  area  of  cov¬ 
erage  about  1 .7  km  x  7.8  km),  the  maximal  magnitude  is  about 
2  m/s.  A  strong  gradient  of  vv  is  clearly  discern  able.  The  veloc¬ 
ity  gradient  near  the  GS  front  is  about  1  m/s  over  a  lateral  dis¬ 
tance  of  500  m,  corresponding  to  a  strong  velocity  shear  of 
2x10 3  s4.  The  velocity  contrast  in  v,  or  vs  is  much  weaker  and 
the  boundary  of  the  GS  is  barely  discemable  (top  and  bottom 
panels.  Fig.  1). 


Figure  1 ,  The  maps  of  the  surface  velocity  Held,  vx,  vv  and  v:. 


Figure  2.  Comparison  of  the  2D  wave  spectra  (a)  inside  and  fb)  outside  ihc 
Gulf  Stream,  (c)  J  D  spectra  from  DBI  and  buoy  measurements. 


IV.  Wave  Spectral  Analysis 

With  image  data  like  Fig.  1,  it  is  straightforward  to  compute 
the  wave  spectrum  using  the  2D  fast  Fourier  transform  (FFT). 
Wave  properties  derived  from  InSAR  have  been  compared 
with  in  situ  measurements  obtained  by  a  pressure  gauge  array 
in  southern  California  [4-5].  The  wind  is  low  (2  m/s)  and  the 
wave  field  is  sw'ell  dominated.  The  results  show  that  the  InSAR 
and  buoy  data  are  in  very  good  agreement  for  waves  propagat¬ 
ing  in  the  range  direction  and  the  quality  of  agreement  deterio¬ 
rates  for  waves  traveling  in  the  azimuth  direction.  Similar  con¬ 
clusion  is  reached  in  [7]. 

We  have  performed  2D  spectral  analysis  for  the  DBI  data 
using  v,  derived  from  the  3D  solution  combining  two  flight 
passes  through  the  same  region  (Fig.  1).  The  advantage  of  us¬ 
ing  v.  instead  of  v,  or  vy  is  that  v.  does  not  dependent  on  the 
wave  propagation  direction  and  the  conversion  of  velocity  to 
displacement  spectrum  is  simpler.  Figs.  2a  and  2b  display  the 
2D  velocity  spectra,  Sv{kjcv),  inside  and  outside  GS. 

Poorer  resolution  in  the  azimuth  direction  due  to  the  veloc¬ 
ity  bunching  effect  [9,  16]  is  dearly  shown  from  the  contours 
of  the  2D  spectra.  The  2D  spectra  can  be  integrated  to  yield  1 D 
spectra  to  compare  with  buoy  measurements.  As  shown  in  Fig. 
2c,  the  agreement  of  DBI  spectrum  inside  the  GS  and  the  off¬ 
shore  buoy  measurements  (41010)  is  excellent  when  the  effects 
of  shoaling  refraction  and  current  modulation  are  taken  into 
account.  Just  a  couple  of  kilometers  away  in  the  inshore  side  of 
the  current  front,  the  waves  are  distinctively  different  in  three 
respects,  (a)  The  spectral  density  level  is  the  GS  is  considerably 
higher,  by  about  a  factor  of  two,  (b)  The  directional  distribution 
of  the  wave  spectral  contours  outside  the  GS  is  rotated  counter¬ 
clockwise  by  about  20  to  30  degrees  in  comparison  with  the 
spectrum  inside  the  GS.  And  (c)  there  is  a  conspicuous  cross- 
hatched  wave  pattern  in  the  dominant  scale  signal  components 
in  the  GS  side  of  the  sharp  current  front.  The  last  aspect  is  more 
visible  through  a  signal  decomposition  analysis  procedure  de¬ 
scribed  in  [15].  The  directional  difference  of  the  two  wave 


fields  is  consistent  with  that  expected  from  wave-current  inter¬ 
action.  This  can  be  described  by  the  wave-number  conservation 
equation  [17] 

^  +  v«  =  0,  (5) 

a/ 

where  n  is  the  apparent  frequency  of  the  wave  field,  which  is 
related  to  the  intrinsic  frequency,  ox  by  n = U  and  V  is  the 
current  vector.  Assuming  that  the  intrinsic  frequency  does  not 
vary  with  space,  the  current  field  simplifies  to  £/=<0,  F),  and 
3/3y=0,  then  (3)  becomes 

dkt  d(k2V) 


Fig.  3  shows  an  example  of  the  trajectories  of  wave  trains 
with  a  southbound  component  going  through  a  current  field 
F(jr)=  FnexpK*/.x&f],  with  F0=2  m/s,  <y=8  and  **=80  km.  The 
evolution  of  wave  propagation  is  consistent  with  the  2D 
wavenumber  spectra  shown  in  Fig.  2,  As  noted  earlier,  the 
wave  variance  inside  die  GS  is  about  twice  of  that  in  the  out¬ 
side  water.  This  is  considerably  higher  than  that  expected  from 
hydrodynamic  modulation,  calculated  to  be  about  10  percent 
(fc=2xl0' 2  rad/m)  to  12  percent  (£=3xlQ:  rad/m)  for  the  ob¬ 
served  swell  components.  A  more  likely  mechanism  contribut¬ 
ing  to  the  observed  i  men  si  fi  cation  of  the  wave  field  inside  the 
GS  is  the  “wave  guide”  effect  produced  by  the  strong  velocity 
gradient  at  the  GS  front.  With  the  right  combinations  of  the 
wave  and  current  properties,  waves  can  be  trapped  inside  die 
GS.  This  effect  occurs  when  the  change  of  A,  following  (6)  is 
so  large  that  A,  changes  sign  (reversing  the  propagation  direc¬ 
tion).  The  formation  of  a  wave  guide  by  a  shear  current  is  a 
delicate  combination  of  several  parameters  including  the  veloc¬ 
ity  shear,  the  width  of  the  current,  the  wavelength  and  the  di¬ 
rection  of  wave  propagation.  As  shown  in  Fig.  3,  for  k= 2x10 2 
rad/m,  wave  components  propagating  at  angles  dose  to  ±20° 
are  trapped  inside  the  current.  The  spectral  peak  wavenumber 
of  the  wave  field  at  the  time  of  data  collection  is  close  to  2x10  2 
rad/m  and  the  source  of  the  swell  is  from  north  and  northeast. 
The  wave  guide  effect  may  be  important  in  producing  the  large 
enhancement  of  waves  inside  the  GS  in  the  present  data  set. 

V.  Summary 

A  DBI  employs  two  sets  of  InSAR  to  acquire  two  radial  ve¬ 
locity  components  in  a  single  flight  pass.  In  an  earlier  study,  it 
was  shown  that  the  resolved  surface  velocity  fields  over  barrier 
islands  follow  the  expected  outflow  pattern  of  tidal  flows  [13]. 
In  this  paper  DBI  data  were  acquired  in  the  vicinity  of  the  GS 
boundary.  Combining  two  flight  passes  over  die  same  region, 
all  three  orthogonal  components  of  the  surface  velocity  can  be 
retrieved.  The  mean  current  field  is  in  good  agreement  with  in 
situ  measurements  reported  in  the  literature  [14].  The  wave 
spectra  computed  from  the  DBI  data  are  in  good  agreement 
with  in  situ  buoy  output.  The  difference  in  the  propagation  di- 


rection  of  waves  inside  and  outside  the  GS  detected  from  the 
2D  wave  spectra  is  consistent  with  the  refraction  effect  ex¬ 
pected  from  wave-current  interaction.  For  the  swell  system  is 
the  present  data  set,  the  wave  variance  inside  GS  is  about  twice 
of  that  outside  GS.  The  level  of  enhancement  is  considerably 
higher  than  that  can  be  explained  by  the  hydrodynamic  modu¬ 
lation.  Generation  of  waves  by  local  wind  is  not  an  important 
factor  judging  from  the  long  wave  period  and  low  wind  speed, 
so  is  the  stability  effect  and  both  factors  can  be  ignored  in  this 
case.  (Even  when  all  three  factors  are  important,  earlier  inves¬ 
tigation  indicates  25  to  50  percent  wave  variance  enhancement 
by  the  Kuroshio  using  the  Topex/Poseidon  data  [18].) 

A  more  likely  explanation  of  the  excessive  wave  enhance¬ 
ment  inside  the  GS  in  the  present  data  set  is  that  the  GS  can  act 
as  a  wave  guide  and  trap  waves  within  the  current  boundaries 
when  the  right  combinations  of  wave  length,  propagation  direc¬ 
tion,  current  width  and  shear  level  of  the  current  field  exist. 
Numerical  computations  suggest  that  the  surface  wave  proper¬ 
ties  at  the  time  of  data  acquisition  may  satisfy  the  selective 
conditions  for  wave  trapping.  The  hypothesis  is  further  sup¬ 
ported  by  the  appearance  of  standing  wave  (cross-hatched) 
pattern  on  the  GS  side  of  the  velocity  front,  which  is  indicative 
of  swell  bouncing  off  the  sharp  current  front  as  a  result  of  wave 
trapping  [15]. 


Figure  3.  Numerical  compulations  illustrating  the  wave  trapping  cfTeci  of  the 
Gulf  Stream  waveguide. 


Acknowledgment 

This  work  is  sponsored  by  the  Office  of  Naval  Research 
(NRL  PE  61153  and  62435),  NRL  contribution  PP/7330— 06- 
6191, 


References 


[  l  ]  Goldstein,  R.  M.,  and  H.  A.  Zcbkcr,  Interferometric  radar  measurement 
of  ocean  surface  currents.  Nature .  328. 707*709, 1987. 

[2]  Goldstein,  R.  M.  T.  P,  Barnett,  and  H.  A.  Zcbker.  Remote  sensing  of 
ocean  currents.  Science,  246 , 1282-1285,  1989. 

[3]  Grabcr,  H,  C,*  D.  R<  Thompson,  R.  E,  Carande,  Ocean  surface  features 
and  currents  measured  with  synthetic  aperture  radar  interferometry  and 
HF  radar,  J  Geophys.  Res..  101.  25813-25832,  19%. 

[4]  Mapom,  M.,  R.  M.  Goldstein,  E,  B.  Thornton,  and  L.  Shcmcr,  Remote 
sensing  of  ocean  wave  spectra  by  interferometric  synthetic  aperture 
radar.  Nature,  3 45,  793-795,  1990. 

[5|  Marom.  M  *  L,  Shcmcr,  and  E.  B.  Thornton,  Energy  density  directional 
spectra  of  a  nearshore  wave  field  measured  by  interferometric  synthetic 
aperture  radar.  J.  Geophys .  fiw,  96,22125-22134,  1991, 

[6J  Shcmcr,  L.,  M.  Marom,  and  D.  Markman,  Estimates  of  cuncms  in  the 
nearshore  ocean  region  using  interferometric  synthetic  aperture  radar,  J. 
Geophys ,  Res..  98,  7001-7010,  1993. 

[7]  Goldstein,  R.  M.,  F.  Li,  J.  Smith.  R.  Pinkcl.  and  T.  P,  Barnett,  Remote 
sensing  of  ocean  waves:  The  surface  wave  process  program  experiment, 
/,  Geophys.  Res,.  99.  7945-7950,  1994. 

[8]  Alpers,  W.4  and  K,  Hassclmann*  The  two- frequency  microwave 
technique  for  measuring  ocean -wave  spectra  from  m  airplane  or 
satellite.  Bound- Layer  Meteorol ..  13,  215-230,  1978. 

[9]  Hassclmann,  K.,  R.  K.  Raney,  W.  L  Plant,  W.  Alpers,  R.  A.  Shuchman, 
D.  R.  Lyzcnga,  C.  L.  Rufenaeh,  and  M.  J.  Tucker,  Theory  of  synthetic 
aperture  radar  ocean  imaging:  A  M ARSEN  view,  J.  Geophys,  Res..  90. 
4659-4686,  1985. 

f  J0|  Rodriguez,  E„  P.  Intel,  and  R.  Houshmand,  Two-dimensional  surface 
wave  cun-ents  using  vector  along-track  interferometry,  in  Proc, 
PIERS ‘95  Con/,  Seattle,  WA,  763,  1995. 

fll|  Frasier,  S.  J.,  and  A.  i.  Camps,  Dual-beam  interferometry  for  ocean 
surface  current  vector  mapping,  IEEE  Trans .  Geos.  Rem  Sens..  39,  401- 
414,2001. 

[12]  Farquharson,  G.,  W.  J.  J  track.  R.  R 31  manat  ha  n,  S.  J.  Frasier,  R.  Tcssicr, 
D,  J.  McLaughlin,  M.  A.  Slcttcn,  and  j.  V  Toporkov,  A  pod-based  dual- 
beam  SAR,  IEEE  Geos.  Rem  Sens.  Lett.,  /,  62-65,  2004, 

[13]  Toporkov,  J,*  D.  Perkovic,  G,  Farquharson,  M.  A.  Slcttcn,  and  S.  J. 
Frasier,  Sea  surface  velocity  vector  retrieval  using  dual-beam 
interferometry:  First  demonstration*  IEEE  Trans.  Geos.  Rem  Sens..  43, 
2494-2502,  2005, 

[ !  4]  Zantopp,  R.  L,  K.  D.  Lea  man,  and  T,  N.  Lee,  Florida  Current  meanders: 
A  dose  look  in  June -July  1984,  J.  Phys  Ocewtogr .,  /  7,  584-593, 1987. 

[15]  Hwang,  P.  A.,  J.  V.  Toporkov,  M.  A,  Slcttcn.  D.  Lamb,  and  D.  Perkovic, 
An  ex  pen  mental  investigation  of  wave  measurements  using  a  dual -beam 
interferometer:  Gulf  Stream  as  a  surface  wave  guide.  Subm. Geophys, 
Res.,  doi:  1 0. 1 029/2006JC003482,  2006. 

[16]  Alpers,  W.  R.,  and  C.  L,  Rufenaeh,  The  efTeel  of  orbital  motions  on 
synthetic  aperture  radar  imagery  of  ocean  waves,  IEEE  Trans.  Antennas 
Propagate  A  P-27, 685-690,  1 979. 

[17]  Phillips,  O.  M.,  The  dynamics  of  the  upper  ocean *  2^  cd„  Cambridge 
Univ.  Press,  Cambridge,  UK,  336  pp.,  1977. 

[18]  Hwang,  P  A.,  Altimeter  measurements  of  the  wind  and  wave 
modulation  by  the  Kuroshio  in  the  Yellow  and  East  China  Seas,  J . 
Oceanogr ,.  6/,  987-993,  2005. 


